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Adaptive sliding mode control of wire-driven parallel suspension
system in wind tunnel tests
LIU Jun, WANG Xiao-guang†, WANG Yu-qi, LIN Qi
(School of Aerospace Engineering, Xiamen University, Xiamen Fujian 361005, China)
Abstract: Adaptive sliding mode control method is proposed to achieve high precision motion of aircraft model, which
is suspended by wire-driven parallel robot in wind tunnel tests. Firstly, uncertainties in system parameters are analyzed
in detail, and the aerodynamic forces and wire elastic properties are especially considered in the reconstruction of system
dynamic equations. Secondly, a composite control law is designed based on the singular perturbation theory, in which
slow variables are dealt with adaptive continuous non-singular sliding mode control, and fast variables are coped with
differential control. Then, stability of the overall closed-loop system is analyzed through Lyapunov function method, and
differential gains in the control law are determined. Finally, two typical dynamic test trajectories for aircraft model are
taken as examples. Taking aerodynamic forces into account, numerical simulation is conducted by using this compound
control law. Simulation results show that the tracking error induced by parameters uncertainties and elastic properties could
be decreased by the proposed control method, and it’s quite effective and feasible, which could provide theoretical guidance
for the wire-driven parallel suspension system in dynamic wind tunnel tests.
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系,其中: OXY Z为静坐标系; Pxyz为动坐标系,原
点P位于飞行器模型质心; Bi为第i根牵引绳与滑
轮(固定于机架)的连接点, Pi为第i根牵引绳与动平
台,即飞行器模型的连接点, i = 1, 2, · · · , 8.
图 1 绳牵引并联支撑系统示意图









L̇1 = Jẋ, (1)
式中: L1 = (l11 l12 · · · l18)T, l1i为标量,即第i根绳
长; x为飞行器模型位姿矢量, x = (xP, yP, zP, ψ, θ,
φ)T,其中质心位置坐标为(xP, yP, zP),滚转角为ψ、
俯仰角为θ、偏航角为φ; J为雅克比矩阵. L2是不考
虑绳拉力状态下的理论绳长矢量, L2 = (l21 l22 · · ·
l28)
T, l2i为标量,即第i根绳长,可通过编码器测量电
机转角变化得到, L2 −L0 = µθm. 其中: L0为初始
位置的绳长矢量, µ为传动系数, θm为电机转角矢量.
绳拉力可采用线性弹簧模型表示:







f(x,B)=[LTu1Lu1 · · · LTuiLui · · · LTu8Lu8]T,
(3)
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式中: Lui为第 i根绳矢量,不考虑弹性时, |Lui| =






































Fig. 3 WDPRS in wind tunnel test
以典型的俯仰运动为例,飞行器模型主要所受气
动力参数为:升力 Fz = qSCL,阻力 Fx = qSCD,俯
仰力矩My = qSCm. 式中: q为动压,与来流风速有
















M(x)ẍ+N(x, ẋ)−wg−we = JTK(L2−L1).
(5)
M0θ̈m +C0θ̇m + µK(L2 −L1) = τ , (6)
式中: x为飞行器模型位姿矢量; M(x)是飞行器模型
的惯性矩阵; N(x, ẋ)为非线性哥式离心力; wg为重
力矢量; we为实际气动力/力矩矢量,可表示为位姿的







子ε,以及新的变量K1,且K1 = ε2K. 其中: K的数
量级约为104 N/m,可表示为O(1/ε2)量级; K1为O(1)
量级. 结合L̇2 = µθ̇m,式(6)可重新表示为
µ−1M0L̈2 + µ
−1C0L̇2 + µK(L2 −L1) = τ .
进一步,
µ−1M0(L̈2 − L̈1) + µ−1C0(L̇2 − L̇1) +
µK(L2 −L1) = τ − µ−1M0L̈1 − µ−1C0L̇1.
令z = K(L2 −L1),上式为
µ−1K−1M0z̈ + µ
−1K−1C0ż + µz =
τ − µ−1M0L̈1 − µ−1C0L̇1.
则系统动力学模型可最终表示为
M(x)ẍ+N(x, ẋ)−wg −we = JTz, (7)
ε2M0z̈ + ε
2C0ż+µ
2K1z = µDeq. (8)
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快变柔性子系统.设ε→ 0,即ε = 0,此时系统变为刚
性. 结合L̈1 = Jẍ+ J̇ ẋ,式(7)–(8)可重新表示为
Meq(x̄)¨̄x+Ceq(x̄, ˙̄x) ˙̄x+Geq = µ
−1JTτ̄ , (9)
z̄ = µ−1(τ̄ − µ−1M0 ¨̄L1 − µ−1C0 ˙̄L1), (10)
式中上划线“¯”表示当ε = 0时的矩阵或向量,即准
稳态量,
Meq(x) = M(x) + µ
−2JTM0JG,




Geq = −wg −we,
G为速度矢量关联矩阵.
定义边界层修正项, η = z − z̄;以及快变时间尺
度, tf = t/ε. 则快变子系统式(8)可以重新表示为以
(η, tf)为变量的形式,即边界层方程:
M0η̈ + εC0η̇ + µ
2K1η = 0. (11)
慢变子系统式(7)可重新表示为
M(x)ẍ+N(x, ẋ)−wg−we = JT(z̄+η). (12)
根据式(10),上式可进一步表示为

































































s = e+ β|ė|γ sgn ė, (16)
式中: e是飞行器模型位姿误差向量, e = x− xd, xd








ṡ = −Ks1s−Ks2|s|ρ sgn s, (18)
式中: Ks1, Ks2是正定、对角矩阵, 0 < ρ < 1. 结合
慢变子系统动力学方程式(13)可表示为
ë = M−1eq [µ
−1JT(τ +µη)−Ceqẋ−Geq−Meqẍd].
并对式(16)求导,可得
ṡ = ė+ βγ|ė|γ−1ë.
根据趋近律式(18),慢变子系统控制律可以设计为
τ1 = µJ
T+Fin + µQ, (19)
式中: JT+是雅可比矩阵转置的广义逆矩阵;
Fin = Meqa+Ceqẋ+Geq − w̃e,




|ė|2−γ sgn ė−Ks1s−Ks2|s|ρ sgn s,
ŵe是气动参数估计值, w̃e是估计误差; Q表示绳的内
力,是雅克比矩阵的零空间向量,以保证所有绳处于
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图 4 复合控制器框图































T[ė+ βγ|ė|γ−1ë sgn ė] + w̃Te Λ−1 ˜̇we =
sT[ė− |ė| sgn ė− βγ|ė|γ−1(Ks1s+
Ks2|s|ρ sgn s)− βγ|ė|γ−1M−1eq w̃e] +
w̃Te Λ
−1 ˜̇we + s
Tβγ|ė|γ−1M−1eq JTη.
针对气动力估计误差项,根据上式取自适应律设计为
˜̇we = βλΛ|ė|γ−1M−1eq s,则进一步变为
V̇1 =





D3 = βγ|ė|γ−1M−1eq JT,
则式(24)可表示为
V̇1 = −sTD1s− sTD2|s|ρ sgn s+ sTD3η. (25)
对V2项求导为
V̇2 = µη(µKd + µK +C0)η̇+
µη̇TM0η̇ + (µη + η̇)M0η̈.
将包含快变控制律的状态表达式(21)代入,可得















V̇ =−sTD1s− sTD2|s|ρ sgn s+
sTD3η − ξTΘξ. (28)
根据Rayleigh-Ritz不等式,上述等式可以表示为
−sTD1s 6 −λmin (D1) ∥s∥2,
−sTD2|s|ρ sgn s 6 −λmin (D2) ∥s∥2,


















为保证V̇ 6 0, U需为负定矩阵,即
























多项式系数 3 2 3
P1 −2.530e−5 0.000452 −8.985e−6
P2 0.000572 0.0101 0.000297
P3 0.0530 0.102 −0.00407










1 mm,则相应绳索刚度Kd = 10000I8×8. 取滑模面
趋近系数矩阵Ks1 = Ks2 = M
−1
eq ;其他滑模面设计




假定系统初始时刻位姿为[0 0 −0.582 m 0 0 0]














系数时俯仰角的跟踪误差. 当Kd = 10I8×8时,跟踪








Fig. 5 Position variation of aircraft model
图 6 飞行器模型姿态变化图
Fig. 6 Attitude variation of aircraft model
图 7 俯仰角误差变化(Kd = 10I8×8)
Fig. 7 Error variation of pitch angle (Kd = 10I8×8)
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图 8 俯仰角误差变化(Kd = 0)
Fig. 8 Error variation of pitch angle (Kd = 0)
图 9 电机转矩变化图
Fig. 9 Torque variation of servo motor
图 10 绳拉力变化














Fig. 11 Phase diagram of pitch angle
图 12 气动力变化
Fig. 12 Aerodynamic forces variation
图 13 气动力自适应补偿项变化
Fig. 13 Variation of compensation term of aerodynamic forces
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算例 2 对两自由度的复合运动进行仿真模拟.
假定系统初始位姿仍为 [0 0 −0.582 m 0 0 0],
初始运动速度为[0 0 0.05πm/s 0 10(◦)/s 0],
运动轨迹为升沉俯仰振荡,即



















Kd = 0时,俯仰角跟踪误差发生抖动现象;当Kd =
100I8×8时,控制律在加入快速项补偿后,跟踪误差快
速收敛并稳定.
图 14 飞行器模型Z方向误差(Kd = 0)
Fig. 14 Error variation of aircraft model’s position in
direction of axis Z(Kd = 0)
图 15 飞行器模型Z方向误差(Kd = 100I8×8)
Fig. 15 Error variation of aircraft model’s position in
direction of axis Z (Kd = 100I8×8)
图 16 俯仰角误差变化(Kd = 0)
Fig. 16 Error variation of pitch angle (Kd = 0)
图 17 俯仰角误差变化(Kd = 100I8×8)






Fig. 18 Wire tension variation
7 结论
本文针对应用于风洞试验的绳牵引并联支撑系统,
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